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Abstract
We scrutinise the widely studied minimal scotogenic model of dark matter (DM) and radiative
neutrino mass from the requirement of a strong first order electroweak phase transition (EWPT)
and observable gravitational waves at future planned space based experiments. The scalar DM
scenario is similar to inert scalar doublet extension of standard model where a strong first order
EWPT favours a portion of the low mass regime of DM which is disfavoured by the latest direct
detection bounds. In the fermion DM scenario, we get newer region of parameter space which
favours strong first order EWPT as the restriction on mass ordering within inert scalar doublet gets
relaxed. While such leptophilic fermion DM remains safe from stringent direct detection bounds,
newly allowed low mass regime of charged scalar can leave tantalising signatures at colliders and
can also induce charged lepton flavour violation within reach of future experiments. While we get
such new region of parameter space satisfying DM relic, strong first order EWPT with detectable
gravitational waves, light neutrino mass and other relevant constraints, we also improve upon
previous analysis in similar model by incorporating appropriate resummation effects in effective
finite temperature potential.
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I. INTRODUCTION
The scotogenic framework, proposed by Ma in 2006 [1] has been one of the most popu-
lar extensions of the standard model (SM) which simultaneously account for the origin of
light neutrino mass and dark matter (DM). In spite of significant experimental evidences
confirming the non-vanishing yet tiny neutrino masses and the presence of a mysterious,
non-luminous, non-baryonic form of matter, dubbed as DM [2], its origin remains unad-
dressed in the SM. While the latest experimental constraints on light neutrino parameters
can be obtained from recent global fits [3, 4], the present DM abundance is quantified in
terms of density parameter ΩDM and h = Hubble Parameter (H)/(100 km s
−1Mpc−1) as [5]:
ΩDMh
2 = 0.120 ± 0.001 at 68% CL. The possibility of scalar DM in this model has been
already studied in several works including [6–20], whereas that of thermal or non-thermal
fermion DM has also been studied [21, 22]. The model can also account for the observed
baryon asymmetry through successful leptogenesis (for a review of leptogenesis, see [23])
in variety of different ways [20, 22, 24–28]. While the observational evidences suggesting
the presence of DM are purely based on its gravitational interactions, most of the particle
DM models (including the scotogenic model) adopt a weak portal (but much stronger than
gravitational coupling) between DM and the visible matter or the SM particles. If DM is
of thermal nature, like in the weakly interacting massive particle (WIMP) paradigm (see
[29] for a recent review), then such DM-SM couplings can be as large as the electroweak
couplings and hence such DM can leave imprint on direct search experiments. However,
none of the direct detection experiments like LUX [30], PandaX-II [31, 32] and Xenon1T
[33, 34] have reported any positive signal yet, giving more and more stringent upper bounds
on DM-nucleon interactions.
Although the ongoing direct detection experiments have not exhausted all parameter
space yet, specially in the context of the minimal scotogenic model, it is equally important
to look for complementary probes. Scalar DM in this model is not only tightly constrained
by direct detection experiments mentioned above, but can also be probed at indirect detec-
tion experiments looking for excess in gamma rays [19] or X-rays [35] depending upon the
particular DM candidate chosen. Apart from usual collider signatures of the scalar doublet
like dijet or dileptons plus missing energy [14, 36–40], the scotogenic model can also give
rise to exotic signatures like displaced vertex and disappearing or long-lived charged track
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for compressed mass spectrum of inert scalars and singlet fermion DM [41]. Apart from col-
lider signatures of inert scalars in the model, as discussed in several earlier works mentioned
above, the model can also have interesting signatures at lepton flavour violating decays like
µ → eγ, µ → eee and µ → e conversions [42, 43]. In this work, we examine one more way
of probing this popular and predictive model indirectly. One such indirect possibility is to
search for gravitational wave (GW) which has gained lots of attention due to planned near
future experiments like LISA and other similar space based interferometer experiments [44–
51].1 A possible source of GW signals is a strong first-order phase transition (SFOPT)
where, in particular, GW signals are generated by bubble collisions [54–58], the sound wave
of the plasma [59–62] and the turbulence of the plasma [63–68]. The study of SFOPT is
well-motivated in beyond the SM (BSM) with extended Higgs sectors, which allows for new
source of CP violation and could produce baryon excess during the electroweak phase tran-
sition (EWPT). Therefore, it would be interesting to investigate if SFOPTcan happen at
high temperature in BSM. For a review of cosmological phase transitions and their experi-
mental signatures, one may refer to the recent review article [69]. While a strong first-order
EWPT is not possible in the SM alone due to high mass of SM like Higgs as confirmed by
lattice studies [70, 71], addition of other scalars like the one in scotogenic model can allow
the EWPT to be of first order. Several works have studied such interplay of DM and first
order EWPT, specially in the presence of additional scalar doublet DM like we have in the
present model [72–78]. While scalar doublet DM extension of the SM, popularly known as
inert doublet model (IDM) allows a large parameter space supporting a SFOPT, most of
this parameter space corresponds to sub-dominant DM [75] leaving a narrow window in low
mass DM regime where both DM relic and SFOPT criteria can be simultaneously satisfied
[73]. On the other hand, this low mass regime is getting increasingly in tension with direct
search experiments as well as the collider constraints on invisible decay rate of the SM like
Higgs, where the former remains much more stringent. In fact, we show that the parame-
ter space of scalar DM which satisfies SFOPT is already disfavoured by Xenon1T data of
2018. Extending IDM to scotogenic model not only addresses the origin of light neutrino
mass but also enlarges the parameter space that can simultaneously satisfy DM relic as well
as SFOPT. We discuss the possibilities of both scalar and fermion DM in this model and
constrain the parameter space from DM relic, SFOPT as well as light neutrino masses while
1 These new sensitivity curves are presented in Refs. [52, 53].
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incorporating relevant experimental and theoretical bounds. We then study the possibility
of generating GW from such SFOPT and discuss the possibility of its detection in future
experiments.2
This paper is organised as follows. In section II we discuss the model, particle spectrum
and different constraints. In section III we review on the details of SFOPT and generation
of GW. In section IV we briefly show how to calculate DM relic following thermal WIMP
paradigm and then discuss our results in section V. We finally conclude in section VI.
II. MINIMAL SCOTOGENIC MODEL
The minimal scotogenic model is an extension of the SM by three copies of SM-singlet
fermions Ni (with i = 1, 2, 3) and one SU(2)L-doublet scalar field S ( called inert scalar
doublet ), all being odd under an in-built and unbroken Z2 symmetry, while the SM fields
remain Z2-even under the Z2-symmetry such that
Ni → −Ni, S → −S, Φ→ Φ, ΨSM → ΨSM , (1)
where Φ is the SM Higgs doublet and ΨSM’s stand for the SM fermions. The unbroken Z2
symmetry not only prevents the inert scalar doublet to acquire any non-zero vacuum expec-
tation value (VEV) but also forbids Yukawa coupling of lepton doublets with Z2 odd singlet
fermions via SM Higgs, keeping neutrinos massless at tree level. The Yukawa interactions
of the lepton sector can be written as
L ⊃ 1
2
(MN)ijNiNj +
(
Yij L¯iS˜Nj + h.c.
)
. (2)
The tree level scalar potential of the model, Vtree, is given by
Vtree =λSM
(
Φ†iΦi − vSM
2
)2
+m21S
†iSi + λ1
(
Φ†iΦi
) (
S†jSj
)
+ λ2
(
Φ†iSi
) (
S†jΦj
)
+
[
λ3Φ
†iΦ†jSiSj + h.c.
]
+ λS
(
S†jSj
)2
. (3)
Here, indices i and j represent SU(2) isospin. The Z2 symmetry prevents linear and trilinear
terms of the inert doublet with the SM Higgs. The bare mass squared term of the inert
scalar doublet is chosen to be positive definite in order to ensure that it does not acquire any
2 See e.g. Ref. [79] for the detailed analysis of constraints coming from GW detections.
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non-zero VEV. Absence of linear terms ensures that it does not even acquire any induced
VEV after electroweak symmetry breaking (EWSB). The first term in Eq. (3) describes
EWSB with vSM ' 246GeV and λSM ' 0.13. To compute mass spectrums of H and S fields,
let us parametrise those fields as follows.
Φ =
 0
φ√
2
 , S =
S+
S0
 . (4)
For S+ and S0 fields, we have following mass terms:
m2± = m
2
1 +
1
2
λ1φ
2, M2S0 =
m21 + 12 (λ1 + λ2 + 2λ3)φ2, 0
0, m21 +
1
2
(λ1 + λ2 − 2λ3)φ2
 . (5)
Using S0 = (H + iA)/
√
2 we obtain the physical masses as
n± = 2 : m2± = m
2
1 +
1
2
λ1φ
2,
nH = 1 : m
2
H = m
2
1 +
1
2
(λ1 + λ2 + 2λ3)φ
2,
nA = 1 : m
2
A = m
2
1 +
1
2
(λ1 + λ2 − 2λ3)φ2, (6)
where mH (mA) and m± are the masses of CP-even (odd) component and the charged
component of the inert scalar doublet, respectively, and n±, nH and nA represent degrees
of freedom (dof) of each fields. Present masses are obtained by φ = vSM. In this notation,
the SM Higgs mass is m2h = 2λSMφ
2.
While neutrinos remain massless at tree level, a non-zero mass can be generated at one-
loop level given by [1, 80]
(Mν)ij =
∑
k
YikYjkMk
32pi2
(
m2H
m2H −M2k
ln
m2H
M2k
− m
2
A
m2A −M2k
ln
m2A
M2k
)
≡
∑
k
YikYjkMk
32pi2
[
Lk(m
2
H)− Lk(m2A)
]
, (7)
where Mk is the mass eigenvalue of the mass eigenstate Nk in the internal line and the
indices i, j = 1, 2, 3 run over the three neutrino generations as well as three copies of Ni.
The function Lk(m
2) is defined as
Lk(m
2) =
m2
m2 −M2k
ln
m2
M2k
. (8)
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It is important to ensure that the choice of Yukawa couplings as well as other parameters
involved in light neutrino mass are consistent with the cosmological upper bound on the sum
of neutrino masses,
∑
imi ≤ 0.11 eV [5], as well as the neutrino oscillation data [3, 4]. In
order to incorporate these constraints on model parameters, it is often useful to rewrite the
neutrino mass formula given in equation (7) in a form resembling the type-I seesaw formula:
Mν = Y Λ
−1Y T , (9)
where we have introduced the diagonal matrix Λ with elements
Λi =
2pi2
λ3
ζi
Mi
v2
, (10)
and ζi =
(
M2i
8(m2H −m2A)
[
Li(m
2
H)− Li(m2A)
])−1
. (11)
The light neutrino mass matrix (9) which is complex symmetric, can be diagonalised by the
usual Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix U 3, written in terms of
neutrino oscillation data (up to the Majorana phases) as
U =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
UMaj (12)
where cij = cos θij, sij = sin θij and δ is the leptonic Dirac CP phase. The diagonal matrix
UMaj = diag(1, e
iξ1 , eiξ2) contains the undetermined Majorana CP phases ξ1, ξ2. The diagonal
light neutrino mass matrix is therefore,
Dν = U
†MνU∗ = diag(m1,m2,m3) . (13)
Since the inputs from neutrino data are only in terms of the mass squared differences and
mixing angles, it would be useful for our purpose to express the Yukawa couplings in terms
of light neutrino parameters. This is possible through the Casas-Ibarra (CI) parametrisation
[81] extended to radiative seesaw model [42] which allows us to write the Yukawa coupling
matrix satisfying the neutrino data as
Y = UD1/2ν R
†Λ1/2 , (14)
where R is an arbitrary complex orthogonal matrix satisfying RRT = 1.
3 Usually, the leptonic mixing matrix is given in terms of the charged lepton diagonalising matrix (Ul) and
light neutrino diagonalising matrix Uν as U = U
†
l Uν . In the simple case where the charged lepton mass
matrix is diagonal which is true in our model, we can have Ul = 1. Therefore we can write U = Uν .
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A. Constraints on Model Parameters
Precision measurements at LEP experiment forbids additional decay channels of the SM
gauge bosons. For example, it strongly constrains the decay channel Z → HA requir-
ing mH + mA > mZ . Additionally, LEP precision data also rule out the region mH <
80 GeV,mA < 100 GeV,mA−mH > 8GeV [82]. We take the lower bound on charged scalar
mass m± > 90 GeV. If mH,A < mh/2, the large hadron collider (LHC) bound on invisible
Higgs decay comes into play [83] which can constrain the SM Higgs coupling with H, A
namely λ1 + λ2 ± 2λ3 to as small as 10−4, which however remains weaker than DM direct
detection bounds in this mass regime (see for example, [84]).
The LHC experiment can also put bounds on the scalar masses in the model, though
in a model dependent way. Depending upon the mass spectrum of its components, the
heavier ones can decay into the lighter ones and a gauge boson, which finally decays into
a pair of leptons or quarks. Therefore, we can have either pure leptonic final states plus
missing transverse energy (MET), hadronic final states plus MET or a mixture of both.
The MET corresponds to DM or light neutrinos. In several earlier works [14, 36, 37], the
possibility of opposite sign dileptons plus MET was discussed. In [38], the possibility of
dijet plus MET was investigated with the finding that inert scalar masses up to 400 GeV
can be probed at high luminosity LHC. In another work [85], tri-lepton plus MET final
states was also discussed whereas mono-jet signatures have been studied by the authors of
[39, 40]. The enhancement in dilepton plus MET signal in the presence of additional vector
like singlet charged leptons was also discussed in [86]. Exotic signatures like displaced vertex
and disappearing or long-lived charged track for compressed mass spectrum of inert scalars
and singlet fermion DM was studied recently by the authors of [41].
In addition to the collider or direct search constraints, there exists theoretical constraints
also. For instance, the scalar potential of the model should be bounded from below in any
field direction. This criteria leads to the following co-positivity conditions. [15, 87–89]:
λS > 0, λ1 + 2
√
λSMλS > 0, λ1 + λ2 − |λ3|
2
+ 2
√
λSMλS > 0. (15)
The last condition comes from unitarity of the S-matrix elements [90, 91]. The coupling
constants appeared in above expressions are evaluated at the electroweak scale, vSM. Also,
in order to avoid perturbative breakdown, all dimensionless couplings like quartic couplings
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(λi), Yukawa couplings (Yij), gauge couplings (gi) should obey the the perturbativity con-
ditions:
|λi| < 4pi, |Yij| <
√
4pi, gi <
√
4pi (16)
where indices run over appropriate numbers according to the Lagrangian.
III. SFOPT AND PRODUCTION OF GW
The main purpose of this section is to show how to calculate the finite-temperature
effective potential and GW signals generated by a first-order phase transition. The crucial
difference from the previous analysis done in Ref. [73] is that we here include effects of
resummation in order to account for IR divergences in finite-temperature field theory, and
explicitly calculate GW signals.
A. Finite-temperature effective potential
In this subsection, we calculate the one-loop effective potential at finite-temperature. A
total effective potential can be schematically divided into following form:
Vtot = Vtree + VCW + Vth, (17)
where Vtree, VCW and Vth denote the tree level scalar potential, the one-loop Coleman-
Weinberg potential, the thermal effective potential, respectively. The tree level scalar po-
tential is given by Eq. (3). In finite-temperature field theory, the effective potential, VCW and
Vthermal, are calculated by using standard background field method [92, 93]. In the following
calculations, we take Landau gauge for simplicity.4
The Coleman-Weinberg potential [96] with DR regularisation is given by
VCW =
∑
i
(−)nf ni
64pi2
m4i (φ)
(
log
(
m2i (φ)
µ2
)
− 3
2
)
, (18)
where suffix i represents particle species, and ni, mi(φ) are the degrees of freedom (d.o.f)
and field dependent masses of i’th particle. In addition, µ is the renormalisation scale, and
4 The gauge dependence of the thermal effective potential is discussed by many authors. See. e.g. Refs. [94,
95] and references therein.
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(−)nf is +1 for bosons and −1 for fermions, respectively. In our analysis, for simplicity, we
take the renormalisation scale as µ = vSM because the electroweak scale is the only relevant
energy scale. We confirm that nucleation temperatures are around at electroweak scale for
the whole region of the parameter space, and thus, the one-loop calculation is validated
with this choice. (For the definition of the nucleation temperature, see Eq. (38) in the next
subsection.)
Thermal contributions to the effective potential are given by
Vth =
∑
i
(nBi
2pi2
T 4JB
[mBi
T
]
− nFi
2pi2
JF
[mFi
T
])
, (19)
where nBi and nFi denote the dof of the bosonic and fermionic particles, respectively. In
this expressions, JB and JF functions are defined by following functions:
JB(x) =
∫ ∞
0
dzz2 log
[
1− e−
√
z2+x2
]
, (20)
JF (x) =
∫ ∞
0
dzz2 log
[
1 + e−
√
z2+x2
]
. (21)
In our analysis, we do not use high-temperature expansions only validated for small x to
evaluate JB(x) and JF (x). One should note that a potential barrier arises from JB(x) which
triggers a first-order phase transition. Therefore, the strong first-order electroweak phase
transition requires bosons strongly coupled to the Higgs field. (See next subsection for
the definition of the SFOPT.) In comparison to the SM, this model contains an additional
SU(2)W inert scalar doublet, and thus, the strong first-order electroweak phase transition
takes place as we will see Sec. V.
For a calculation of Vth, we include a contribution from daisy diagram to improve the
perturbative expansion during the phase transition [97–99]. The daisy improved effective
potential can be calculated by inserting thermal masses into the zero-temperature field de-
pendent masses. The author of Ref. [98] proposed the thermal resummation prescription
in which the thermal corrected field dependent masses are used for the calculation in VCW
and Vth (Parwani method). In comparison to this prescription, authors of Ref. [99] proposed
alternative prescription for the thermal resummation (Arnold-Espinosa method). They in-
clude the effect of daisy diagram only for Matsubara zero-modes inside JB function defined
in Eq. (20). A qualitative difference between two prescriptions is discussed in Ref. [100]. For
simplicity, we here use former (Parwani method) prescription in order to implement daisy
resummation in the public code CosmoTransitions [101].
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The thermal mass for the inert scalar doublet, ΠS(T ), is calculated in Ref. [76] as
ΠS =
(
1
8
g22 +
1
16
(g21 + g
2
2) +
1
2
λS +
1
12
λ1 +
1
24
λA +
1
24
λH
)
T 2. (22)
where λA = λ1 + λ2 − 2λ3 and λH = λ1 + λ2 + 2λ3, and g1 and g2 are the gauge coupling
of SU(2)W and U(1)Y , respectively. One should note that the Yukawa coupling between
the inert doublet and the neutrino given by Eq. (2) may give an additional contribution to
ΠS(T ). However, since the right-handed neutrino has Majorana mass comparable to the
nucleation temperature, this effect would be suppressed due to the Boltzmann suppression
in finite-temperature, and hence, we expect that this contribution will not change our result
significantly. We therefore neglect this contribution in our analysis.
For gauge bosons, the longitudinal mode and the transverse mode obtain different thermal
masses called Debye mass and the magnetic mass, respectively [102]. Since the magnetic
mass is subdominant, we only calculate the Debye mass for SU(2)W ×U(1)Y gauge bosons.
The Debye mass can be estimated by using SM result [103, 104] with adding an additional
SU(2)W inert scalar doublet as
ΠW = 2g
2
2T
2, ΠY = 2g
2
1T
2. (23)
The field dependent masses are obtained by diagonalising mass matrices for SU(2)W×U(1)Y
gauge bosons and neutral component of the inert scalar doublet.
We consider contributions coming from inert scalar doublet, SU(2)W × U(1)Y gauge
bosons and top quarks because those couplings are large compared to other particles. Field
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dependent masses and d.o.f are then listed as
n± = 2 : m2±(φ) = m
2
1 +
λ1
2
φ2 + ΠS(T ), (24)
nH = 1 : m
2
H(φ) = m
2
1 +
1
2
λHφ
2 + ΠS(T ), (25)
nA = 1 : m
2
A(φ) = m
2
1 +
1
2
λAφ
2 + ΠS(T ), (26)
nW = 4 : m
2
W (φ) =
g22
4
φ2, (27)
nZ = 2 : m
2
Z(φ) =
(g21 + g
2
2)
4
φ2, (28)
nWL = 2 : m
2
WL
(φ) =
g22
4
φ2 + ΠW (T ), (29)
nZL = 1 : m
2
ZL
(φ) =
1
2
(m2Z(φ) + ΠW (T ) + ΠY (T ) + ∆(φ, T )), (30)
nγL = 1 : m
2
γL
(φ) =
1
2
(m2Z(φ) + ΠW (T ) + ΠY (T )−∆(φ, T )), (31)
∆2(φ, T ) ≡
(
g22
4
φ2 + ΠW (T )− g
2
1
4
φ2 − ΠY (T )
)2
+ 4g21g
2
1φ
4. (32)
The last contribution comes from the longitudinal mode of the massive photon.
B. First-order phase transitions and GW signals
In this subsection, we briefly review basics of the first-order phase transition and GW
production. When the phase transition proceeds via the tunnelling, we call it the first-
order phase transition. If the phase transition is of first order, the spherical symmetric field
configurations called bubbles are nucleated in the early universe. Then they expand and
eventually coalesce with each other.
The tunnelling rate per unit time and per unit volume, Γ, is given by
Γ(T ) = A(T )e−B, (33)
where A(T ) ∼ T 4 and B are determined by the dimensional analysis and given by the clas-
sical configurations, called bounce, respectively. At finite-temperature, the O(3) symmetric
bounce solution is favoured [105] for the case without significant supercooling. The O(3)
symmetric bounce solution is calculated by solving the differential equation given by
d2φ
dr2
+
2
r
dφ
dr
=
∂Vtot
∂φ
, (34)
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with the following boundary conditions:
φ(r →∞) = φfalse, dφ
dr
∣∣∣∣
r=0
= 0. (35)
In this expression, φfalse denotes the position of the false vacuum. Then the O(3) symmetric
bounce action is given by
S3 =
∫ ∞
0
dr4pir2
[
1
2
(
dφ
dr
)2
+ Vtot(φ, T )
]
, (36)
where φ satisfies equation of motion given by Eqs. (34) and (35).
The nucleation temperature defined as the temperature when bubbles are nucleated, Tn,
is conservatively estimated by comparing the tunnelling rate to the Hubble parameter as
Γ(Tn) = H
4(Tn). (37)
Here, the Hubble parameter is given by H(T ) ' 1.66√g∗T 2/MPl with g∗ being the dof of
the radiation component. Then above condition turns out to be
S3(Tn)
Tn
' 140, (38)
for g∗ ∼ 100 and Tn ∼ 100 GeV. We evaluate bounce action by using public code
cosmoTransitions [101] written in Python. If φ(Tn)/Tn > 1 is satisfied, where φ(Tn)
is the Higgs VEV at the nucleation temperature, T = Tn, the electroweak phase transition
is called ”strong” first order.
Amplitudes and frequencies of the GW are mainly determined by two parameters. One is
the ratio of the amount of vacuum energy released by the phase transition to the radiation
energy density of the universe, ρrad = g∗pi2T 4/30, given by
α =

ρrad
, (39)
with
 = ∆Vtot − T
4
∂∆Vtot
∂T
, (40)
where ∆Vtot ≡ Vtot(φfalse)−Vtot(φtrue) is the free energy difference between the false and true
vacuum.  is related to the change in the trace of the energy-momentum tensor across the
bubble wall (See e.g. Refs. [49, 106] for detailed studies).
12
The another important parameter is duration of the phase transition denoted by β which
is the characteristic time scale of the phase transition. β is defined as the time variation of
the tunnelling rate of the phase transition given by [48]
β
H(T )
' T d
dT
(
S3
T
)
. (41)
Both parameters α and β are evaluated at T = Tn.
Let us next review the basic of GW signals generated by first-order phase transitions.
There are three sources producing GWs : bubble collisions, sound wave of the plasma, and
turbulence of the plasma. As confirmed in Refs. [107, 108], a contribution from bubble
collisions is always subdominant for the case with small supercooling, α < 1, since the
bubble kinetic energy is almost converted into the thermal plasma due to the process called
”transition radiation”. We therefore consider contributions coming from thermal plasma,
especially, the sound wave and the turbulence. Thus, total contribution to the GW signals
can be decomposed into the following form:
Ωtoth
2 ' Ωsoundh2 + Ωturh2, (42)
where Ωsound and Ωtur are the contributions from the sound wave and the turbulence of the
plasma, respectively.
The contribution coming from sound wave of the plasma is estimated in Refs. [48, 61, 67,
109] as
Ωsoundh
2 = 2.65× 10−6 ×Hτsound
(
H(Tn)
β
)(
κsoundα
1 + α
)2(
100
g∗
) 1
3
vw
(
f
fsound
)3  7
4 + 3
(
f
fsound
)2

7
2
,
(43)
where κsound and vw are the efficiency factor and the bubble wall velocity, respectively. The
factor Hτsound represents a suppression factor coming from the short-lasting sound wave as
originally pointed out in Ref. [110] (Also, See e.g. Refs. [111, 112].) and is given by
Hτsound = min
{
1, (8pi)
1
3
(
max{cs, vw}
β/H(Tn)
)(
4
3
1 + α
κsoundα
) 1
2
}
. (44)
Here cs is the speed of sound wave in the plasma and fsound is the peak frequency of the
GW signals given by
fsound = 1.9× 10−2mHz× 1
vw
(
β
H(Tn)
)(
Tn
100GeV
)( g∗
100
) 1
6
. (45)
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We here simply estimate the bubble wall velocity by adopting following formula [113]5:
vw =
1/
√
3 +
√
α2 + 2α/3
1 + α
. (46)
With above bubble wall velocity called Jouguet detonations, the efficiency factor, κsound, is
fitted by following formula as found in Ref. [118]:
κsound =
√
α
0.135 +
√
0.98 + α
. (47)
The contribution from turbulence plasma is estimated in Refs. [67, 109] as
Ωturh
2 = 3.35× 10−4
(
H(Tn)
β
)(
κturα
1 + α
) 3
2
(
100
g∗
) 1
3
vw
(
f
ftur
)3
(
1 +
(
f
ftur
)) 11
3
(
1 + 8pif
H0
) , (48)
where κtur is the efficiency factor of the turbulence. κtur, H0 and the peak frequency, ftur,
are given by
κtur ' 0.1κsound, (49)
H0 ' 1.65× 10−4mHz×
(
Tn
100GeV
)( g∗
100
) 1
6
, (50)
ftur = 2.7× 10−2mHz
(
1
vw
)(
Tn
100GeV
)(
β
H(Tn)
)( g∗
100
) 1
6
. (51)
IV. DARK MATTER
The lightest Z2 odd particle, if electromagnetically neutral, is the DM candidate in the
model. Among the two scalar DM candidates H,A, we consider H as the DM, without
any loss of generality. In the fermion DM scenario, the lightest right handed neutrino N1
is the DM candidate. The relic abundance calculation of DM follows the usual approach of
Boltzmann equation. If DM is of WIMP type and hence was produced thermally in the early
universe, the evolution of its number density nDM can be tracked by solving the Boltzmann
equation
dnDM
dt
+ 3HnDM = −〈σv〉
[
n2DM − (neqDM)2
]
, (52)
5 See Refs. [114–117], however, for the discussion of the bubble wall velocity vw.
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where neqDM is the equilibrium number density of DM and 〈σv〉 is the thermally averaged
annihilation cross section, given by [119]
〈σv〉 = 1
8m4DMTK
2
2
(
mDM
T
) ∞∫
4m2DM
σ(s− 4m2DM)
√
s K1
(√
s
T
)
ds , (53)
where Ki(x)’s are modified Bessel functions of order i. In the presence of coannihilations,
the effective cross section at freeze-out can be expressed as [120]
σeff =
N∑
i,j
〈σijv〉gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2e−zf (∆i+∆j) , (54)
where ∆i =
mi−mDM
mDM
is the relative mass difference between the heavier component i of the
inert Higgs doublet (with gi internal dof) and the DM,
geff =
N∑
i=1
gi(1 + ∆i)
3/2e−zf∆i (55)
is the total effective dof, and
〈σijv〉 = zf
8m2im
2
jmDMK2
(
mizf
mDM
)
K2
(
mjzf
mDM
)
×
∞∫
(mi+mj)2
ds σij
(
s− 2(m2i +m2j)
)√
s K1
(√
s zf
mDM
)
(56)
is the modified thermally averaged cross section, compared to equation (53). In the above
expressions
zf ≡ mDM
Tf
= ln
(
0.038
g√
g∗
MPlmDM〈σv〉f
)
, (57)
with g being the number of internal DOF of the DM and the subscript f on 〈σv〉 means
that the quantity is evaluated at the freeze-out temperature Tf . The freeze-out temperature
corresponds to the epoch where the rate of interaction equals that of the expansion, Γ(T =
Tf ) = H(T = Tf ). Since N1 is a gauge singlet, there exists the possibility of non-thermal
fermion DM also in this model, as discussed by [22]. While the scalar DM can not be a purely
non-thermal DM due to its gauge interactions, it can receive a non-thermal contribution from
right handed neutrino decay at late epochs, as discussed by [19]. We do not discuss such
possibilities in this work, as it is unlikely to give new insights into the correlation between
DM parameter space and that of SFOPT. For solving the Boltzmann equations relevant to
DM, we have used micrOMEGAs package [121].
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V. RESULTS AND DISCUSSION
In this section, we discuss our results obtained after performing a full numerical scan
by incorporating all existing constraints and the criteria for a SFOPT and the correct DM
relic density. In this parameter search, we vary the parameters m1, λ1, λ2, λ3 and λS.
While all four parameters are relevant for SFOPT, the last one does not affect the DM relic
abundance. We have also imposed the LEP bounds as well as the perturbative and vacuum
stability conditions discussed earlier. The constraints coming from light neutrino masses are
incorporated by using Casas-Ibarra parametrisation discussed before.
We here qualitatively comment on the strength of the electroweak phase transition. As
we already noted in Sec. III A, the strong first-order electroweak phase transition is realised
when additional bosons present in the model strongly couple to the SM Higgs. In this model,
the inert scalar doublet, S, couples to the SM Higgs, and thus, larger λH , λA and λ1 make
the phase transition strength stronger. Also, larger m1 makes the phase transition strength
weaker due to the screening effect [93]. For the same reason, since a larger λS corresponds to
larger thermal mass of the inert scalar (See Eq. (22)), it makes the phase transition strength
weaker. Therefore the strong first-order electroweak phase transition requires larger λH , λA
and λ1, and smaller m1 and λS. Quantitative discussions are presented in each subsections
below which are created according to the choice of DM candidate in the minimal scotogenic
model.
A. Scalar dark matter
In this subsection, we show some results in the case of scalar DM scenario. In addition to
collider bounds, the perturbative and the vacuum stability conditions, we impose conditions
λ3 < 0 and λ2 + 2λ3 < 0 in order to make CP even component of inert doublet H to be DM
candidate.
We show the data points satisfying the conditions φ(Tn)/Tn > 1 on (m±, mA)-plane
in upper panel of Fig. 1. While DM mass can be low mH < 80 GeV, the charged and
neutral pseudo scalar masses are required to be large. In lower left panel of Fig. 1 we
show the parameter region on (m±, mA)-plane which satisfies ΩDMh2 = 0.120± 0.001 with
varying DM mass shown as colour code. This clearly shows the two distinct regions of
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FIG. 1. Scatter plots on (m±, mA)-plane satisfying φ(Tn)/Tn > 1 for different scalar DM mass,
mH , (upper left) and the strength of the electroweak phase transition φ(Tn)/Tn (upper right) are
shown in the case of scalar DM scenario. A parameter regime satisfying ΩDMh
2 = 0.120 ± 0.001
for different DM mass (lower left) and a combined scatter plot (lower right) for φ(Tn)/Tn > 1 (red
circles) and ΩDMh
2 = 0.120± 0.001 (blue triangles) are also shown.
DM (H) mass: mH < 80 GeV and mH > 550 GeV typical of inert doublet dark matter
known in the literature. In the lower right panel we also superimpose the points which
satisfy the SFOPT criteria, showing overlap with parameter space corresponding to low
mass DM. We confirm that there is a parameter regime satisfying conditions φ(Tn)/Tn > 1
and ΩDMh
2 = 0.120±0.001, specially for low DM mass mH < 80 GeV. One should note that
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FIG. 2. Left panel: peak points of GW signals in our model along with sensitivity curves of U-
DECIGO, U-DECIGO-corr, LISAC1∼C4 [48, 122], DECIGO, BBO [123] and Einstein Telescope
(ET) [124, 125]. Scatter plots on (m±,mA)-plane within reach of U-DECIGO with a correlation
analysis (U-DECIGO-corr) [50] for different mH (right panel) are shown in the case of scalar DM.
All data points satisfy correct DM relic density, ΩDMh
2 = 0.120± 0.001.
the SFOPT requires fine-tuning between λ1 and λ2+2λ3 to maintain small λH = λ1+λ2+2λ3
for a low DM mass regime, mH < 80GeV, as originally pointed out by authors of Ref. [73].
While the DM relic satisfying points in low mass regime remain scattered, there is a linear
correlation in high mass regime beyond 550 GeV, as can be seen from bottom panel plots of
Fig. 1. This arises because of the fact that, in order to satisfy correct DM relic in high mass
regime mH > 550GeV, the mass splitting between inert doublet components is required to be
small. We also find that SFOPT criteria requires the bare mass parameter of inert doublet
to be small 0 < m1/GeV < 50. Therefore, in the large DM mass regime, mH > 550GeV, we
need larger values of m1 making the phase transition strength weaker, and thus, it is difficult
to realise φ(Tn)/Tn > 1 with imposing perturbative conditions |λi| < 4pi (i = 1, 2, 3). Thus,
the low mass DM region mH < 80GeV is the preferred region from SFOPT and DM relic
point of view in the scalar DM scenario of this model.
In left panel of Fig. 2, we show total GW signals with sensitivity curves of several future
planned space based experiments like U-DECIGO, U-DECIGO-corr, LISA (C1-C4) [48, 122],
DECIGO, BBO [123] and Einstein Telescope (ET) [124, 125] along with the black dotted
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region corresponding to our model in scalar DM scenario. Clearly, the strength of the GW
signal in our model is within the reach of only U-DECIGO-corr, a future space-based GW
antenna [50, 51]. The corresponding region of model parameter space is shown in (m±,mA)-
plane by taking points within the sensitivity of U-DECIGO-corr (right panel of Fig. 2). In
this figure, the DM relic criteria ΩDMh
2 = 0.120±0.001 is imposed for all the points. We find
that the total fraction of points in the parameter scan within the reach of U-DECIGO-corr
is 39%. However, in this parameter regime, there is a fine-tuning between λ1 and λ2 + 2λ3
in order to keep the scalar DM in low mass regime, as noted earlier. We do not investigate
such fine-tuned region further in our study. Therefore, in the case of the scalar DM scenario,
we conclude that it is difficult to produce detectable GW signals by U-DECIGO-corr while
simultaneously giving rise to observed scalar DM relic without fine-tuning. As noted earlier,
this low mass DM region is also tightly constrained by direct search and collider experiments.
We in fact projected these data points to the direct detection cross section versus DM mass
plane and find that they are already disfavoured by Xenon1T data, as seen from figure
3. While low mass DM is not completely ruled out yet by Xenon1T, the region satisfying
SFOPT criteria is ruled out. As can be seen from the green coloured points in this figure,
the region around the Higgs resonance mDM = mH = mh/2 is still allowed. However these
green coloured points do not give rise to the required SFOPT. This happens due to the
requirement of small m1 ∈ (0, 50)GeV for SFOPT which further requires larger λH to keep
DM mass near the Higgs resonance area. However, same λH also leads to spin-independent
DM-nucleon scattering giving rise to tension with Xenon1T bounds. As we will see in the
next subsection, the fine-tuning associated with scalar DM will be alleviated and stringent
direct detection constraints will disappear in the case of the fermion DM scenario.
B. Fermion dark matter
In this subsection, we show the results in the case of the fermion DM scenario. Here
we do not impose conditions λ3 < 0 and λ2 + 2λ3 < 0 because as long as lightest singlet
fermion N1 is the lightest Z2 odd particle, there is no restriction on the mass ordering among
components of inert scalar doublet.
We show the parameter regime satisfying the conditions φ(Tn)/Tn > 1 in (m±, mA)-
plane in upper panel of Fig. 4 in the case of the fermion DM scenario. As one can see from
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FIG. 3. Spin independent DM-nucleon cross section for scalar DM. The red coloured points satisfy
the SFOPT criteria.
upper panels of Fig. 4, we additionally have a parameter regime satisfying φ(Tn)/Tn > 1 for
small values of m± and mA compared to what we found in the scalar DM scenario. This
fact can be understood as following way. Since φ(Tn)/Tn > 1 can be realised for smaller
λ1 (corresponding to smaller m±) by making λH larger (corresponding to larger mH) with
fixed m1, a lower m± region can lead to φ(Tn)/Tn > 1 in comparison to the scalar DM
scenario. This is a crucial difference from similar SFOPT analysis in IDM where the mass
ordering within inert doublet components is always restricted to having one of the neutral
components as the lightest. While sub-dominant scalar DM leads to more allowed region
satisfying SFOPT as shown by [75], relaxing the mass ordering leads to even newer allowed
region of parameter space. This has been made possible in scotogenic model where fermion
DM remains a viable possibility. While in the upper panel plots of Fig. 4, the DM relic
constraint is not implemented, we do so in the lower panel plots of the same figure. The
lower left panel shows the parameter space in (m±, mA)-plane which satisfied the correct
fermion DM relic while showing the fermion DM mass in colour code. The right lower
panel plot shows the points satisfying SFOPT and DM relic criteria on (m±, mA)-plane
clearly depicting overlap where both are satisfied. The points satisfying the fermion DM
relic correspond to small λ3 so that the Yukawa couplings (in Yi1 L¯iS˜N1) are sizeable enough
to enhance fermion DM annihilation and coannihilation channels. This correspondence
between small λ3 and large Yukawa arises through Casas-Ibarra parametrisation discussed
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FIG. 4. Scatter plots on (m±, mA)-plane satisfying φ(Tn)/Tn > 1 for different mH , (upper left)
and the strength of the electroweak phase transition φ(Tn)/Tn (upper right) are shown in the
case of fermion DM scenario. A parameter regime satisfying ΩDMh
2 = 0.120 ± 0.001 for different
mH (lower left) and a combined scatter plot (lower right) for φ(Tn)/Tn > 1 (red circles) and
ΩDMh
2 = 0.120± 0.001 (green triangles) are also shown.
earlier. We consider lightest neutrino mass 0.1 eV in order to enhance the Yukawa couplings.
Small λ3 gives rise to almost degenerate H,A in this scenario.
We also show peak amplitudes of total GW signals in our model with fermion DM scenario
along with sensitivity curves of different planned future experiments in left panel of Fig. 5.
We then show scatter plots in (m±,mA)-plane by taking points within reach of U-DECIGO-
corr and satisfying ΩDMh
2 = 0.120± 0.001 in right panel of Fig. 5, respectively. Since there
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FIG. 5. Left panel: peak points of GW signals along with sensitivity curves of U-DECIGO,
U-DECIGO-corr, LISAC1∼C4, DECIGO, BBO and ET. Scatter plots on (m±,mA)-plane within
reach of U-DECIGO-corr for different mH (right panel) is shown in the case of fermion DM scenario.
All data points satisfy correct DM relic density, ΩDMh
2 = 0.120± 0.001.
is no restriction on the scalar mass ordering within inert scalar doublet in the case of the
fermion DM scenario, GW signals can be easily enhanced by making λH large compared to
the scalar DM scenario. Indeed, we find that the total fraction of points in the parameter
scan within the reach of U-DECIGO-corr is 58%, which is larger than the one in the case
of scalar DM scenario. Unlike in scalar DM scenario, such large λH does not contribute
to direct detection of fermion DM. In fact, due to gauge singlet and leptophilic nature of
fermion DM there is no tree level direct detection cross section, keeping it safe from Xenon1T
bounds. It should also be emphasised that we have no fine-tuning between λ1, λ2 and λ3 in
this scenario, and thus, detectable GW signals at U-DECIGO-corr are naturally produced.
However, such leptophilic fermion DM scenario can be tightly constrained by experimental
bounds on charged lepton flavour violation as we discuss below.
C. Charged Lepton Flavour Violation
Charged lepton flavour violation (CLFV) arises in the SM at one loop level and remains
suppressed by the smallness of neutrino masses, much beyond the current and near future
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experimental sensitivities. Therefore, any experimental observation of such processes is
definitely a sign of BSM physics, like the one we are studying here. In the present model, this
becomes inevitable due to the couplings of new Z2 odd particles to the SM lepton doublets.
The same fields that take part in the one-loop generation of light neutrino mass, can also
mediate charged lepton flavour violating processes like µ → eγ, µ → 3e and µ → e (Ti)
conversion. These rare processes have strong current limit as well as good future sensitivity
[42]. The present bounds are: BR(µ→ eγ) < 4.2× 10−13 [126], BR(µ→ 3e) < 1.0× 10−12
[127], CR(µ,Ti → e,Ti) < 4.3 × 10−12 [128]. While the future sensitivity of the first two
processes are around one order of magnitude lower than the present branching ratios, the
µ to e conversion (Ti) sensitivity is supposed to increase by six order of magnitudes [42]
making it a highly promising test to confirm or rule out different TeV scale BSM scenarios.
Since the couplings, masses involved in this process are the same as the ones that generate
light neutrino masses and play a role in DM relic abundance, we can no longer choose them
arbitrarily. The branching fraction for µ→ eγ that follows from this one-loop contribution
can be written as [43],
Br(µ→ eγ) = 3(4pi)
3αem
4G2F
|AD|2Br(µ→ eνµν¯e). (58)
Where αem is the electromagnetic fine structure constant, e is the electromagnetic coupling
and GF is the Fermi constant. AD is the dipole form factor given by
AD =
3∑
i=1
Y ∗ieYiµ
2(4pi)2
1
m2±
(
1− 6ξi + 3ξ2i + 2ξ3i − 6ξ2i logξi
6(1− ξi)4
)
. (59)
Here the parameter ξi’s are defined as ξi ≡ M2Ni/m2±. The MEG experiment provides the
most stringent upper limit on the branching ratio Br(µ → eγ) < 4.2 × 10−13 [126]. For
analytical expressions of other flavour violating processes, please refer to [43]. We have used
the SPheno 3.1 interface [129] in order to implement the flavour constraints into the model.
For fermion DM model, the predictions for CLFV processes are shown in figure 6. As can be
seen from this figure, all the predicted points lie way below the current experimental bounds.
This is due to the fact that fermion singlet DM relic is mainly governed by its coannihilation
with inert doublet components and hence even relatively smaller Yukawa couplings can give
rise to the correct relic. This was also noted in earlier works [43].
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FIG. 6. Predictions for different CLFV processes for fermion DM scenario. All points satisfy the
DM relic criteria while the red coloured points satisfy the SFOPT criteria.
VI. CONCLUSION
We have studied the possibility of generating GWs from a strong first-order EWPT in
minimal scotogenic model which can be probed at future space based experiments like U-
DECIGO. While the scalar content of the model is same as that in IDM where the possibility
of strong first-order EWPT along with scalar DM has been studied in several earlier works,
in the present model we find newer region of parameter space due to the possibility of fermion
DM. We also improve earlier studies by appropriate consideration of resummation effects in
finite temperature effective potential. Our results in the scalar DM scenario is partially in
agreement with earlier works where SFOPT criteria favours a low mass scalar DM which
however, remains disfavoured from stringent direct detection bounds from Xenon1T 2018.
The parameter space favouring SFOPT can however be enhanced for sub-dominant scalar
DM, in agreement with earlier works. More interesting results arise in the fermion DM
scenario where the SFOPT favoured parameter space is enlarged primarily due to the fact
that mass ordering within the inert scalar doublet components is relaxed in this scenario.
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This is contrast with the scalar DM scenario where one of the neutral components was
restricted to be the lightest Z2 odd particle. Also, unlike scalar DM which can satisfy relic
in two well defined regions: low mass regime mH < 80 GeV and high mass regime mH > 550
GeV, fermion DM (of thermal WIMP type) relic can be realised for almost any mass, as
long as the mass difference between fermion DM and next to lightest Z2 odd particle is kept
small (to enhance coannihilation) and corresponding Yukawa coupling is kept sizeable in
agreement with light neutrino masses via Casas-Ibarra parametrisation. The fermion DM
scenario therefore, can also be tightly related to light neutrino masses as the same Yukawa
couplings go into the light neutrino mass generation at one loop level. While leptophilic
fermion DM in this model can also give rise to sizeable charged lepton flavour violation, we
find that for the parameter space satisfying SFOPT, DM relic and other relevant bounds,
the contribution to charged rare days remains well below current limits.The possibility of
enlarged parameter space in the fermion DM scenario specially having light charged scalars
can give rise to interesting signatures at colliders. Such light charged scalars can be produced
significantly and can leave interesting signatures like displaced vertex, as discussed recently
in [41]. Connection of such strong first-order EWPT to baryogenesis is another interesting
possibility which we leave for future studies. While baryogenesis through leptogenesis is
already a viable possibility in the minimal scotogenic model [20, 22, 24–28] as mentioned
earlier, a GW based probe of this model can indirectly probe the parameter space relevant
for successful leptogenesis as well. Similar ways of probing seesaw and leptogenesis have also
been proposed recently [130, 131]. However, possible extensions of the scotogenic model in
order to implement electroweak baryogenesis may also bring the GW signal within reach
of other upcoming experiments like LISA. We leave such detailed studies in connection to
baryogenesis to future works.
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